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A B S T R A C T

In contractional (subduction/collisional) settings, convergence is accommodated by the formation of thin- and
thick-skinned thrust and fold belts. The transmission of such deformation over larger distances into orogenic
foreland areas is influenced by the inherited rheological characteristics of continental lithosphere. Lateral
rheological variations parallel to the strike of continental foreland areas creates contrasting geometries and
sequences of deformation that interact during orogenic build-up. We investigate the far-field transmission of
strain within a continental lithosphere characterized by a laterally variable rheology through physical analogue
modelling. Rheological weak crustal zones were introduced at distance from an advancing backstop to study the
progressive along strike linkage and interference of structures during contraction. The results reveal that
rheologically weak crustal zones localise far-field contractional deformation. When the size of weak zones, by
means of their horizontal extend to depth ratio, is large, deformation localises at the boundaries of the weak zone
where they lead to the formation of large-offset faults. Subsequently the faults migrate along-strike into areas
that are rheologically stronger. When the size of the weak zone is reduced, a large-scale contractional step-over
forms in orogenic forelands, where rheologically contrasting domains transmit out-of-sequence deformation by a
gradual migration of thrust offsets and fold amplitudes along their strike. These results show that crustal scale
orogenic step-overs do not always reflect variations in the geometry of the plate boundary (indenter) or along-
strike gradients in shortening rates. Such features may also form in response to variations in rheology, as the
ones created by inherited extensional basins situated at large distances from plate boundaries in the orogenic
foreland.

1. Introduction

The continental lithosphere is characterized by large lateral varia-
tions in rheological properties (e.g., Tesauro et al., 2012; Watts, 2001)
that have a significant influence on regional stress field and, therefore,
on the transmission and localisation of deformation (Baes et al., 2011;
De Franco et al., 2008). Rheological variations are often controlled by
inherited features stemming from older deformation phases, which
control the structural grain, juxtapose units of different composition or
lead to thermal perturbations (e.g., Burov and Cloetingh, 2009;
Doglioni et al., 2007; Erdős et al., 2014; Lacombe and Bellahsen, 2016;
Vogt et al., 2017). For example, the formation of extensional basins has
a profound impact on the rheological stratification of the lithosphere
through the creation of pronounced thermal anomalies, leading to a
significant decrease in the integrated strength at short times after the
cessation of rapid mechanical extension, or its overall increase at longer

time scales (e.g., Cloetingh et al., 2003 and references therein). In the
first case, the weakened crust and mantle lithosphere may transmit
subsequent contractional deformation at large distances by reducing
the brittle/ductile coupling effect (e.g., Smit et al., 2003). Both ana-
logue and numerical modelling studies have investigated the effects of
such extensional weak zones on strain localization and the evolution of
contractional deformation geometries, particularly focusing on the in-
version of graben geometries, the mechanical coupling between layers
and domains of different strength and the balance between the amounts
of deformation during extension and subsequent contraction (e.g., Brun
and Nalpas, 1996; Buiter et al., 2009; Calignano et al., 2015a;
Calignano et al., 2017; Dubois et al., 2002; Erdős et al., 2014; Munteanu
et al., 2013; Panien et al., 2005; Smit et al., 2003; Sokoutis and
Willingshofer, 2011; Willingshofer and Sokoutis, 2009). Upon con-
traction, deformation can localise at far distances from plate boundaries
leading to significant shortening within continental plates or other
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orogenic foreland areas, such as observed in the Makran, the Black Sea,
Albanides-Dinaridic-Hellenic system, Sierras Pampeanas, and other
areas (e.g. Lacombe and Bellahsen, 2016; Roure, 2008; Ziegler et al.,
2002; Ziegler et al., 1998). Physical analogue modelling studies have
revealed the effectiveness of strain transmission at large distances from
the active deformation area as a function of the inherited crustal or
lithospheric rheology that focuses contraction at boundaries between
rheological weak and strong areas (Calignano et al., 2017; Del
Ventisette et al., 2006; Dombrádi et al., 2010; Willingshofer and
Sokoutis, 2009), or at terminations of decoupling horizons (e.g., Cotton
and Koyi, 2000; Luth et al., 2010; Smit et al., 2003). These studies in-
voked across-strike alternations between weak and strong domains as
often observed in orogens and their forelands (e.g., Banks et al., 1997;
Cotton and Koyi, 2000; Doglioni et al., 2007; Tarapoanca, 2004). In
contrast, along-strike rheological changes at distance to the orogenic
hinterland and their influence on strain localisation and subsequent
propagation of deformation is not understood. In particular, we seek to
gain insight in how inherited weak zones in orogenic forelands control
the transmission of strain over large distances, the sequence and or-
ientation of evolving structures as well as their along strike propagation
across orogen-parallel strength variations. We use physical analogue
modelling to document the structural and kinematic characteristics of
transfer zones that connect domains of different strength within the
continental crust.

2. Modelling strategy

A series of lithospheric-scale physical analogue experiments has
been performed at the Tectonic Laboratory (TecLab) at Utrecht
University to investigate far-field strain transmission during compres-
sion (Fig. 1 and Tables 1 and 2). The models consist of two mechani-
cally different crustal domains referred to as brittle-ductile (BDD) and
brittle domains (BD), respectively (Figs. 1–3), which are floored by the
same ductile upper lithospheric mantle (DLM). Different from a re-
ference model type 1, all other models contain “inherited” crustal weak
zones within the brittle-ductile domain, incorporated by introducing
one or more ductile layers, with variable thickness and geometries at
the base of the brittle crust (Fig. 1 and Table 2). These zones of
weakness with finite lateral extent introduce across and along-strike
rheological changes, which represent inherited structures, such as ex-
tensional grabens with variable thickness and geometries. The “size” of
the weak zone, expressed here by the ratio between brittle upper crustal
thickness and the weak zone width, defines the weakness ratio (Fig. 1),
a parameter that has an important effect in the final geometry of our
models (WR, Table 2).

We use the lateral extent-to-depth ratio (“size”) as a proxy of the
rheological impact of the weak zones (WZw/hbc, Fig. 1, Table 2).
Shortening was achieved by moving one of the confining walls at a
constant rate of 2 cm/h in a direction parallel to the BD-BDD boundary
and orthogonal to the strike of the weak zones (Fig. 1 and Table 2). The
total applied shortening was 5 cm in all models, which represents 8% of
the entire model (2.5 cm at 50% stage, representing 4% of the entire
model). This value is comparable with the observations in our discussed
natural scenarios, such as the 30-32 km (6–7%) minimum amount of
shortening calculated for the Black Sea system (Munteanu et al., 2011;
Stuart et al., 2011). We were not able to find shortening values for the
Afgan and Lut blocks, however in the case of Zagros Mountains the total
shortening is about 57–85 km, which might represent an acceptable
proxy (Hatzfeld et al., 2010, which is about 10% of the entire system).
The moving wall had the same height as the experimental box and
slightly smaller in length, allowing the asthenospheric fluid to flow
behind it. The experiments were performed under normal gravity
conditions. Friction along sidewalls was reduced by using fixed thin
glass plates along the long side of the tank. The effectiveness of this
measure is demonstrated by the grid lines that show almost no dragging
effect at their margin and terminate perpendicular to the sidewalls, as

well as by the fact that structures do not nucleate at the sidewalls, but
inside the models. In agreement with other modelling studies (e.g.
Calassou et al., 1993; Koyi and Sans, 2006; Farzipour-Saein and Koyi,
2014; or Calignano et al., 2017), these observations show that the
curvature of structures in our models is an expression of lateral rheo-
logical changes rather than a boundary effect. The models were allowed
to re-equilibrate isostatically for a time period of 20 h. The deformation
was monitored through top-view imaging and laser scanning at con-
stant intervals. The final geometry was also analysed through studying
regular spaced cross-sections, obtained by cutting the model parallel to
the convergence directions after its wetting and freezing. The loading
effect of water and sand used to coat and preserve structures was re-
moved through restoring the cross-sections topography to the elevation
acquired at the last stage of deformation by using the laser scanning

Fig. 1. Sketch illustrating the analogue modelling setup. The model simulates a
continental lithosphere composed of two (brittle crust over ductile mantle in
the brittle domain (BD)) and three (brittle crust over ductile crust and ductile
mantle lithosphere, (BDD)) layers. Note that Model 1 is uniform in the brittle
and brittle-ductile domains, i.e. no weak zone. Models 2–6 have a variable
geometry of the weak zone in the brittle-ductile domain. The sketch in the
lower right corner, illustrates the way how we calculate the weaknesses ration
(WR) parameter in Table 2. The black arrows indicate the direction of con-
traction. BC — brittle crust; DC — ductile crust, DLM ductile lithospheric
mantle, hbc — brittle crust thickness, WZW — weak zone width. The small
numbers are illustrating the models and layers dimensions in cm (see also
Table 2).

I. Munteanu, et al. Tectonophysics 766 (2019) 194–204

195



DEM. This correction is important for obtaining the deformed geometry
of the mantle lithosphere.

2.1. Materials and Scaling

In our experiments, dry feldspar sand with a grain size of
0.1–0.3 mm, density of 1300kgm−3, coefficient of internal friction of
0.4 (dynamic) to 0.7 (static) and cohesion of 15–35 Pa (Willingshofer
et al., 2018) represents the brittle layer. The ductile layers in the system
consist of mixtures of Rhodorsil gum-type silicone and Barium sulphate
similar to the experiments described in Willingshofer and Sokoutis
(2009). Their viscosities (see Table 1) scale to lower crust and upper
mantle viscosities in the order of 1.25 and 1.5*1022 Pas, respectively.
Such lower crust and upper mantle viscosities are in agreement with
lithospheric strength profiles where the peak strength resides in the
brittle crust (eg. Burov and Toussaint, 2007 and references therein).
The weak zone(s) are made of the same ductile material as ductile crust.
The whole model floated on a low viscosity, high-density fluid made of
a sodium polytungstate and glycerol mixture that simulated the asthe-
nosphere (Fig. 1 and Table 1).

Scaling is based on the principles of geometrical, rheological, dy-
namical, and kinematic similarity (Hubbert, 1937; Ramberg, 1981;
Sokoutis et al., 2000; Weijermars and Schmeling, 1986), using di-
mensionless ratios of gravitational to brittle strength (cohesion) and
viscous forces (Table 1). To achieve dynamic similarity these ratios,
expressed in the Ramberg number (Rm) for ductile layers, must be the

same for the model and the natural prototype (Table 1):

= =Rm ρ gh /ηε˙ ρ gh /ηvd d d
2

d (1)

where ρd and hd are respectively the density and thickness of the
ductile layer, g is the acceleration due to gravity (g= 9.81m/s2), η is
the effective viscosity and ε% is the strain rate given by the ratio be-
tween the mean velocity of convergence, v, and the thickness of the
ductile layer hd. Similarly, we used the Smoluchowski number (Sm)
defined by Ramberg (1981) for scaling brittle deformation, by con-
sidering the ratio between gravitational and frictional forces:

= +Sm ρ gh /c μ ρ ghb b b b b (2)

where ρb, g, hb, c and μb are respectively the density, acceleration
due to gravity, thickness, cohesive strength, coefficient of intern friction
of the brittle layer (Table 1).

The dynamic similarity requires that other non-dimensional num-
bers involving inertial forces are equivalent in model and nature, such
as for the Reynolds number, Re (ratio of inertial forces to viscous forces)
(Dombrádi et al., 2010; Ramberg, 1981):

=Re ρvl/η (3)

where ρ stands for the density, v is the velocity of convergence, l is the
length and η is the viscosity.

Convergence rates are averaged over the duration of the experi-
ments and are scaled to nature to represent slowly converging systems
with convergence rates of a few millimetres per year (Table 1).

Table 1
Summary of the model parameters and their natural equivalents. The coefficient of friction has been measured with a ring shear tester at GFZ Potsdam (for details see
Willingshofer et al., 2018). The effective viscosity of the silicone mixtures has been determined with a Coni-cylindrical viscometer under room temperature
(21 ± 1 °C).

Materials/parameters Model Nature

Upper crust (K-feldspar sand) Thickness (m) 0.008–0.013 cm 16,000–26,000
Density (kgm−3) 1300 ~2600
Coefficient of internal friction 0.6–0.7 0.75
Cohesion (Pa) 15–35 6×107

Lower crust (silicone mixture) Thickness (m) 0–0.005 0–10,000
Density (kgm−3) 1400 ~2900
Viscosity (Pas) 1.3× 104 ~1.25× 1022

n-value 1.3 3
Material constant A 7×10−6

Upper mantle (silicone mixture) Thickness (m) 0.02 40,000
Density (kgm−3) 1480 3300
Viscosity (Pas) 1.4× 104 ~ 1.5× 1022

n-value 1.5 4
Material constant A 2×10−6

Asthenosphere (Sodium polytungstate and glycerol mixture) Density (kgm−3) 1600 3300
Viscosity (Pas) 1.2 ~1×1019

Length of box 40 cm 800 km
Width of box 36 cm 720 km
Shortening rate 2 cm/h 1.5 km/My
Total Shortening 5 cm 100 km
Smoluchowski number (Sm) 4.28–5.65 4.8
Ramberg number ductile crust (Rm) 5 6
Ramberg number ductile mantle lithosphere (Rm) 75 73
Reynolds number ductile crust (Re) 2.9× 10−9 1.4× 10−25

Reynolds number ductile mantle lithosphere (Re) 1.2× 10−8 4.2× 10−25

Table 2
Geometrical parameters used in the analogue modelling. Where hdml - thickness of ductile lithospheric mantle, hdc - thickness of the ductile crust, hbc - thickness of the
brittle crust, WZ - weak zone, WZw - weak zone width.

Model Total thickness (cm) hdml (cm) hdc (cm) hbc (cm) WZ number Weakness ratio (WZw/hbc) WZ geometry (L×W×H) (cm) WZ position (cm)

1 3.3 2 0/0.5 0.8/1.3 0
2 3.3 2 0/0.5 0.8/1.3 1 7.50 17×6×0.4 17
3 3.3 2 0/0.5 0.8/1.3 1 7.50 17×6×0.2 17
4 3.3 2 0/0.5 0.8/1.3 2 3.75 17×3×0.4 15.5/21.5
5 3.3 2 0/0.5 0.8/1.3 2 3.75 17×3×0.4 18.5/24.5
6 3.3 2 0/0.5 0.8/1.3 1 7.50 17×6/0.1×0.4 14 to 20
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Fig. 2. Modelling results for models type 1–3. a, e, i)
Structural interpretation of the top-view of the model dis-
played at 50% shortening and b, f, j) at the end of shortening.
Black thick arrows represent the direction of shortening, as
imposed by the moving wall. The red arabic numbers re-
present the sequence of deformation structures. The red ar-
rows indicate the direction of lateral deformation migration.
Green continuous lines are the traces of cross-sections in pa-
nels c, d, g, h, k, l, through the model at final stage of de-
formation. Note the differentiation between the various li-
thospheric layers by a red thick discontinuous line. Italic
black colour roman letters represent set I and II contractional
structures. Inset, top view of the modelling setup. Further
conventions as in Fig. 1. (For interpretation of the references
to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 3. Modelling results for models type 4–6. a, e, i)
Structural interpretation of the top-view of the model dis-
played at 50% shortening and b, f, j) at the end of shortening.
Black thick arrows represent the direction of shortening, as
imposed by the moving wall. Red arabic numbers represent
the sequence of deformation structures. The red arrows in-
dicate the direction of lateral deformation migration. Green
continuous lines are the traces of cross-sections in Fig. 2 c, d,
g, h, k, l through the model at final stage of deformation. Note
the differentiation between the various lithospheric layers by
a red thick discontinuous line. Italic roman letters represent
set I and II contractional structures. Inset, top view of the
modelling setup. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web
version of this article.)
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Viscosity depends on strain rate and, therefore, on the rate of con-
vergence. Consequently, we have chosen the experimental convergence
rate in such a way to ensure dynamic similarity with respect to the
natural prototype as expressed in the Ramberg number (Table 1). The
shortening velocity and other modelling parameters are shown in
Table 1. The experiments were built with a length scale factor of
5 ∗ 10−5, which means that 1 cm in the model corresponds to 20 km in
nature (see, Brun and Nalpas, 1996; Michon and Sokoutis, 2005).

2.2. Analogue modelling simplification and limitations

While analogue modelling is a tool for studying first order char-
acteristics of natural processes, they cannot accurately reproduce their
complexity. However, proper scaling, carefully implemented simplifi-
cation together with a detailed characterization of the material prop-
erties results in appropriate understanding of large-scale tectonic pro-
cesses that are relevant for the natural prototype. We are aware that
factors such as temperature variations with depth or sediment transfer,
eroded from structural heights and deposited in newly formed basins
may modify strength profiles and influence the localisation of de-
formation (e.g., Ranalli and Murphy, 1987; Burov and Toussaint, 2007).
These factors are, however, less important in context of our study as we
assume that the lateral crustal strength variations reside within a
thermally equilibrated lithosphere and that the amount of topography
and thus erosion, created through the inversion of inherited rift struc-
tures is modest.

Building the model within a tank inherently may lead to small
heterogeneities at the backwall, such as thickness variations of the
ductile or brittle layers. As a consequence, we refrained from inter-
preting structures that developed early in the model evolution at the
backwall, because they might be related to such small heterogeneities;
yet in most cases they are probably an expression of strain transmission.

3. Modelling results

The modelling results are illustrated using interpreted final stage
top horizontal views and cross-sections, one for each domain (BD and
BDD, Figs. 2 and 3). The sequence of deformation is indicated by
consecutive numbering of structures whereas the propagation direction
is illustrated by arrows (Figs. 2 and 3). Note that although we have
drawn the structures formed at the opposite side of the indenter, these
are considered boundary effects and, therefore, are not included in
interpretation.

3.1. Deformation pattern

The first order features observed in all models are the presence of
two spatially separated structural systems, consisting of thrust faults
and/or folds (Figs. 2a, b, e, f, i, j and 3a, b, e, f, i, j). The structures that
form in the immediate vicinity of the advancing backstop, labelled as
set I in Figs. 2 and 3, are the first ones to form in the brittle domain and
in the brittle-ductile domain when it is devoid of strength variations
(model type 1, Fig. 2a and c) or when the distance to the weak zone
within the brittle-ductile domain is small and the weak zone is narrow
(model type 4, Figs. 3a–c and 4). In the reference model (e.g. without
weak zone, type 1) a set II structures form in close proximity with the
first one, in a foreland breaking sequence (Fig. 2a). In contrast, in
models where weak zones have been incorporated, the second set of
structures (II in Figs. 2 and 3) forms at far distances from the backstop
and always initiates above the weak zone(s) from where it propagates
laterally along strike. The propagation direction differs from model to
model, inward (towards BD/BDD boundary) in model type 1 (structure
3, Fig. 2a) and type 3 (structure 1, Fig. 2e); outward in model type 2
(structure 2 in Fig. 2e) and type 4 (structure 2 Fig. 3a), divergent in
model type 5 (structure 2 in Fig. 3e) and type 6 (structure 1 in Fig. 3i).
There is a general forward propagation sequence in almost all of the

models, with the formation of set I structures and then set II. The ex-
ceptions are model type 6 and in part 5 where the deformation pro-
pagates dominantly backwards with the first structure localized at the
weak zone (Figs. 3e, i and 4). These set II result from far-field trans-
mission of deformation (Fig. 4) and are observed in all models that
contain weak zones, either distributed in the entire model or restricted
to the brittle-ductile domain (Figs. 2 and 3). The presence of the weak
zone localises deformation at the contact between the ductile layer and
the neighbouring brittle domain by the formation of thrust faults and
associated ramp anticlines (Figs. 2g, h, k and l, 3g, h, k and l). The
movement along a lower crustal, layer parallel, shear zone is accom-
modated by accumulating ductile material in detachment folds and the
formation of large-scale pop-up structures (Fig. 2g). Foreland directed
thrusting with large offset faults (more than 50% of brittle layer
thickness) is favoured for models containing one thin weak zone (model
type 2, Fig. 2f, g and h), whereas the presence of thicker weak zones
(models type 3–6) dominantly leads to a pop-up style of deformation
(e.g. Figs. 2j, k, l and 3d, h and i). Whenever far-field deformation is
observed, shortening along set I structures is reduced in both brittle and
brittle-ductile domains, while set II structures accommodate most
shortening (Fig. 4).

A large-scale transfer zone formed at the BD/BDD contact, is ob-
served in models that focus deformation near the indenter in the brittle
domain and far-field transmission of strain is recorded in the brittle-
ductile domain. Such models are the ones where the width of the weak
zone is narrowing towards the brittle domain (models type 6, Fig. 3i
and j), or where multiple, narrow weak zones are separated by stronger
domains (models type 4 and 5, Fig. 3b, f and j). This transfer zone re-
cords a swing in structural geometries from parallel with the indenter to
oblique near the contact between the brittle and brittle-ductile do-
mains. Forethrusts and backthrusts within the brittle-ductile domain
and specifically at the location of the weak zones, form early in the
deformation history (see top-view images at 50% bulk shortening,
Fig. 3a, b and i) and terminate against the brittle domain or are con-
nected to oblique forethrusts within the brittle domain. In the latter
case thrust structures with opposite vergence are linked (e.g. in model
type 4, backthrust 2 within the brittle-ductile domain is linked to
forethrust 5 within the brittle domain; Fig. 3b). Thrusts that terminate
at the transition between brittle and brittle-ductile domains define a
sinistral step-over (Fig. 3b, f and j), created by the differential motion
between the brittle domain concentrating the deformation near the
indenter and the brittle-ductile domain transmitting far-field strain
(Fig. 3). The overall geometry of this transfer zone in cross-sections is
dominated by high-angle forethrusts that are locally associated with
low-offset backthrusts (Fig. 3k). The geometry of the transfer zone is
conditioned by the width of the weak zone in the brittle-ductile domain
(see also Table 2). When this width is small (weakness ratio 3.75) the
transfer zone is narrow and the transition sharp (Fig. 3f). When the
width increases (weakness ratio 7.5), such as in models with one lat-
erally variable weak zone or multiple zones separated by stronger do-
mains (models type 4–6, Fig. 1), the transfer zone is wide and consists
of structures that initiate and propagated from the brittle domain to-
wards the brittle ductile domain (compare the top-views at 50% and
final stage of deformation, Fig. 3a with b, e with f and i with j).

3.2. The effects of rheological weak zones at crustal level

All models that contain lateral strength variations within the brittle-
ductile domain show that deformation localises at the boundary be-
tween weaker and stronger crust. The width of the weak zone in the
brittle-ductile domain affects the lateral transmission of far-field de-
formation in the brittle domain. When this width is large (weakness
ratio 7.5, Table 2), the early formation of far-field structures in the
brittle-ductile domain (15–20% of bulk shortening, Fig. 4) controls the
subsequent initiation of deformation along strike in the brittle domain
by a gradual lateral increase in offset (Figs. 2e, f, j and 3b, e, f and j).
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This along-strike migration of far-field deformation into the brittle
domain localises thrusting and imposes the formation of new structures
that migrate backwards into brittle-ductile domain (models type 2 and
6, Figs. 2f and 3j). Similar kinematic sequences migrating from the
brittle-ductile into the brittle domains and backwards are also observed
in models with a transfer zone connecting the set I and set II structures
(Fig. 2c, d and g). When the type I structures migrate laterally along
strike into the brittle-ductile domain, the transfer zone has a symmetric
pop-up geometry (Fig. 2j and l). If the weak zone is narrow, such as in
models 4–6, the obliqueness of thrust structures extents across the en-
tire width of the strong domain, irrespective of the initial distance be-
tween the moving wall and the weak zone (compare models 4 and 5,
Figs. 1 and 3). This contrasts with models that have a wide weak zone
initially (models 2 and 3, Figs. 1 and 2). In these cases, deformation
initiates at the boundaries of the weak zones, but propagates along-
strike into the strong domains (BD) maintaining the overall orientation
of structures, ie. striking orthogonal to the shortening direction. These
differences in orientation are probably related to a combination of
where shortening is accommodated and the displacement on individual
thrusts. In all cases where one or multiple weak zones are present,
deformation localises at the boundaries of the weak zones and initially
develops independently of structures in the brittle domain, which ty-
pically start close to the moving wall (Fig. 4). These initially in-
dependent areas of deformation aim at connecting to maintain kine-
matic compatibility through hard linkage as in model 4 or through the
development of zones of overlap (models type 5 and 6, Fig. 3). Ad-
ditionally, large offset thrusts seem to favour along-strike fault growth
across domains of different rheology (e.g. model type 3) whereas low
offset faults (less than 25% brittle crust thickness) terminate against the
stronger domain (models 4–6). As the rheology difference is related to a
lateral increase in brittle layer thickness, it emerges that the work
needed for the faults to propagate into domains with higher normal
stress is insufficient for low slip faults (Herbert et al., 2015).

The overall lateral strain transmission affects significantly the se-
quence of deformation. In models where the weak zone is not present
(uniform distribution both in the brittle and brittle-ductile domains),

deformation starts near the indenter and gradually propagates farther
into the model. When a weak zone is present, the lateral strain trans-
mission from the brittle-ductile towards the brittle domains and back-
wards induces significant out-of-sequence thrusting as indicated in
Fig. 4 by decreasing distance between the moving wall and newly
formed structures. The backward migration from the BD into BDD is
more evident in models 5 and 6. It occurs after the formation of transfer
zone (Fig. 3e and j), with the formation of new structures behind the
weak zone, closer to the indenter (structure 6 and 7 in type 5 models,
Fig. 3f; structures 6 and 6′ in models type 6, Fig. 3j). The overall pattern
remains a foreland-breaking sequence, with the youngest structures 7
and 9 formed further away from the weak zone (Fig. 3f and j); yet in
more detail we also observed oscillations between forward and out of
sequence thrusting, during the lateral migration (Figs. 2f, j and 3b, f,
and j).

3.3. The effects of rheological weak zones at lithospheric level

Due to its prevailing ductile behaviour, shortening is dominantly
accommodated in the lithospheric mantle by folding, which can be best
observed by analysing the geometry at the base of the lithosphere (base
of DLM cross-section in Figs. 2 and 3). In models with no weak zone
(model type 1), this base of the lithosphere is asymmetrically folded in
both domains (Fig. 2c, d) with the asymmetry being controlled by the
faults with the largest offset in the crust. In contrast, the mantle layer is
folded symmetrically were a weak zone is present (models type 2–6),
with a maximum amplitude located below the type II crustal structures
(Figs. 2g, h, k, l and 3c, d, g, h, k, l). The fold amplitude correlates with
the width of the weak zone and is larger in the models with one large
weak zone (type 2, 3 and 6, Figs. 2g,h, k, l and 3k, l) when compared
with models with 2 separated weak zones (type 4 and 5, Fig. 3c, d, g
and h). In other words, a larger amount of deformation localization at
crustal weak zone will create larger lithospheric mantle folds. In con-
trast, a low amount of deformation localization at crustal weak zones,
or distributed across multiple structures, is accommodated by broad,
low amplitude lithospheric mantle folds (models type 4 and 5, Fig. 3c,

Fig. 4. Graph showing localization of the deformation as a function of shortening versus distance from the backstop. Deformation sequence is represented by
numbers. Note the 3 main groups, one belonging to the set I and two to the set II contractional structures. The most effective in far-field strain transmission are
models 3, 5 and 6 with structures formed during later stages at large distance from the indenter. All of these models have in common the inherited large distance
between indenter and weak zone location. A shorter distance between them is not favorable for far-field strain transmission.
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d, g and h). Hence, deformation of the upper lithospheric mantle (DLM,
Figs. 1–3) is controlled by the localisation of deformation in the crust.

The weak zone thickness does not seem to have a significant in-
fluence over the folding amplitude of the lithospheric mantle in the
brittle-ductile domain, as observed by comparing the cross-sections in
Fig. 2h and l and VI (model type 2 and 3 respectively). However, it does
influence the amplitude and symmetry of the lithospheric mantle
folding in the brittle domain, where a large, almost symmetric fold can
be observed in models with a thicker and larger weak zone (type 3,
Fig. 2k).

4. Possible inferences for natural analogues

4.1. Strain localization and rheological heterogeneities in the crust,
inferences from previous and current analogues modelling

Far-field transmission of contractional deformation is rather
common in intra-plate settings, including orogenic forelands, facilitated
by the presence of rheological heterogeneities in the crust and/or
mantle lithosphere. This is commonly interpreted in the context of in-
herited extensional grabens, such as the Makran contractional wedge
(McCall and Kidd, 1982; Burg, 2018), or in variable distribution of
ductile salt layers, such as the Potwar Basin of Pakistan (Cotton and
Koyi, 2000; Smit et al., 2003), the southern Pyrenees (Koyi and Sans,
2006), the Western Black Sea (Munteanu et al., 2013) and along the
Albanides at the transition between the Dinarides and Helenic Orogens
(Roure et al., 2010; Vilasi et al., 2009). However, their control on lo-
calizing contractional deformation and geometry of the resulting
orogen is rather poorly known outside the area where such structures
are observed. Our analogue modelling shows a number of key features
related to strain transmission across and along the strike of orogenic
forelands in the presence of a weakness zone. When such a zone exists
in orogenic forelands, it will favour the localization of strain at larger
distances from the orogenic front (Fig. 4, set II structures). Interestingly,
our models shows this deformation is not restricted to the area where
the weak zone is present, but it will migrate laterally along its strike
into rheologically stronger domains. These latter domains do not have
inherited mechanical weaknesses and, therefore, a localisation of strain
near the backstop would be expected, as seen in model type 1 (Fig. 4),
defining a foreland-breaking sequence of thrusting, similar to what has
been described in Willingshofer et al. (2013) for conditions of strong
decoupling of the brittle crust from the underlying layers at the level of
the brittle-ductile transition or the Moho.

Detecting the cause of the far-field transmission in these uniform
areas may be difficult if the neighbouring weakness zones are not ob-
vious. In such situations, the out-of-sequence character of thrusting
provides discriminatory evidences that a weakness zone may be present
along the orogenic strike. In this case, out-of-sequence thrusting cannot
be attributed to wedge-dynamics at various scales (Morley, 1988;
Nieuwland et al., 2000; Graveleau et al., 2012 and references therein),
but is solely a consequence of mechanical inheritance. In fact, the
strong domain itself acts as new indenter into the weak domain if strain
is localized at their contact, transmitting further deformation, as in-
ferred in previous modelling studies (Sokoutis et al., 2005). This be-
haviour is consistent with results of lithosphere (Calignano et al.,
2015a, 2015b; Calignano et al., 2017; Willingshofer et al., 2005;
Willingshofer and Sokoutis, 2009; Sokoutis and Willingshofer, 2011) or
crustal-scale analogue modelling studies invoking rheological hetero-
geneities within the crust (e.g. Munteanu et al., 2013, 2014; Nalpas
et al., 1995; Sadeghi et al., 2016). We have shown that forward and
backward alternation in localization of deformation during the lateral
migration between the brittle and brittle-ductile domains is genetically
linked to rheological inheritance of weak zones. In contrast, the back-
ward migration from the BD to the BDD domain is controlled by wedge-
dynamics, with structures localized inside the wedge and closer to the
advancing indenter.

4.2. Geometrical and structural effects of inherited zones of weakness,
inferences from analogue modelling and their application for natural
laboratories

Strain localization at weak zone(−s) leads to the development of
oblique thrust structures in the brittle domain, which link or overlap
with structures formed at the weak zones. Other analogue modelling
studies addressing the along strike propagation of thrust structures have
focused on differences in friction at the base of a thrust wedge (e.g.
Calassou et al., 1993; Bahroudi and Koyi, 2003) or the tapering of se-
dimentary strata at high angle to the convergence direction (eg. Soto
et al., 2002). In either case the resulting transfer zones, connecting
domains of different material behaviour, is dominantly characterized
by oblique thrusts much alike our models with narrow pre-existing
weak zones (models 4, 5 and 6, Fig. 3). However, our models show that
the obliqueness of thrust structures extents across the entire width of
the strong domain, irrespective of the initial distance between the
moving wall and the weak zone.

Such types of contractional step-overs are common in natural si-
tuations, which served as a base for our modelling design and strategy.
For instance, the connection between the Balkanides and the Pontides a
swing in geometries is observed in the SW part of the Black Sea
(Munteanu et al., 2011). In this example the inherited crustal weak
zones are represented by the Histria Depression and Odessa Shelf,
formed during the Cretaceous - Middle Eocene extension that have been
inverted during the subsequent Late Eocene - Miocene contraction
(Dinu et al., 2005). In this natural example, the brittle domain is re-
presented by the Balkanides- Moesian Platform system (Fig. 5a), with
the deformation restricted in the close proximity of the indenter, with
little if any deformation transferred N-ward (Stuart et al., 2011). Along
strike, the transition into the brittle-ductile domain, represented by the
Pontides-Western Black Sea shelf, is accommodated by a swing in the
Balkanides thrust belt geometry at their connection with the Western
Pontides (Fig. 5a). The swing is the result of the far field strain transfer,
N-ward intro the Histria Depression and Odessa Shelf, coeval with a
reduced amount of shortening recorded in the onshore Balkans when
compared with the onshore equivalent (27 and 5 km, respectively,
Stuart et al., 2011, Munteanu et al., 2011). Similar to our model type 6
(Fig. 3j) inversion propagates W-ward into the brittle domain as shown
by the inversion recorded along the North Dobrogea Orogen
(Hippolyte, 2002), even though the weak zone (e.g. Histria Depression,
Fig. 5a) reduces its width by reducing the amount of extension affecting
the onshore Moesian Platform and North Dobrogea Orogen (Tambrea,
2007; Munteanu et al., 2011).

Another example is the formation of the Makran accretionary prism
(Fig. 5b), that started during the Late Cretaceous in response to the
large-scale, N-S, convergence between the Eurasian and Arabian plates,
e.g. Central Iran/Lut and Afghan blocks (White and Klitgord, 1976;
Platt et al., 1985). The prism is one of the largest active in the world,
extending more than 1000 km from the Chaman sinistral strike-slip
fault in the east to Minab dextral strike-slip fault in the west (Fig. 5b).
Along the Minab fault system, the front of the Makran wedge swings as
it connects W-ward with the Zagros fold and thrust belt (Fig. 5b). In-
ternally the width of the Makran prism varies along its strike, wider in
front of the Afgan block and narrower in front of the Lut block, cor-
responding with an increased width of the inner Makran unit (Fig. 5b).
This structure results in a swinging geometry of the northern border of
the Makran prism. The narrowing of the inner Makran unit corresponds
with the termination of the Sistan suture zone, a former Neo-Tethys
oceanic branch situated between the Afgan and Lut continental blocks
closed after Late Cretaceous times (Alavi, 2007; Burg, 2018). We infer
that these swings reflect the differences in the lower plate rheology,
owing to the inherited crustal geometry and subduction type, in this
case oblique with the oceanic crust wider W-ward (Torsvik and Cocks,
2016), with the BD defined by the Lut block and BDD defined by Afgan
block, with the transfer zone along the Sistan Ssuture (Fig. 5b).
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Fig. 5. a) Tectonic sketch of the Western Black Sea Basin and adjacent areas (modified after Munteanu et al., 2011). Note also the far-field transfer of compressional
deformation along the Romanian Shelf and the W-ward propagation. HD-Histria Depression, NDO-North Dobrogea Orogen, OS-Odessa Shelf. b) Tectonic sketch of the
Makran orogenic wedge and adjacent blocks (redraw after Burg, 2018). Note the transfer zone towards the Zagros fold belt and the swinging geometry of the Sistan
Mountain Belt, developed at the contact between Lut and Afgan Block. The inferred limit between BD and BDD is illustrated by the red transparent line. CF- Chaman
Fault, MF-Minab Fault; CM-Coastal Makran, IM-inner Makran and OM-Outer Makran. BD- Brittle Domain, BDD- Brittle Ductile. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Southward the situation looks different with the Oman subduction
system being the weak zone, transferring the deformation southward
along the subduction front (Fig. 5b). More to the west, we may also
speculate that the Zagros fold and thrust belt (Mouthereau et al., 2007)
might be the equivalent of our brittle-ductile domain equivalent of our
analogue modelling, while the Makran accretion prism should be is the
brittle domain, with the transfer zone defined by the Minab fault
(Fig. 5b).

One other possible area for the application of our modelling result is
the Albanides thin-skinned fold and thrust belt, which displays a typical
out-of-sequence and along strike migration of deformation at the
junction between the Dinaridic and Hellenic Cenozoic deformation
(e.g., Roure et al., 2010; Vilasi et al., 2009). The reason of this step-over
can be related to the lateral termination of the Budva - Pindos and Io-
nian extensional system in the area of the Hellenides (Schmid et al.,
2008) and their potentially associated far-field deformation. However,
the lack of available details concerning the structure and evolution of
this latter area does not allow a detailed comparison with our analogue
modelling.

5. Conclusions

Our experimental results show that the presence of crustal weak
zones and their associated far-field strain localisation of deformation
create a large-scale swinging geometry in orogenic forelands, even if
the kinematics of contraction do not change along the orogenic strike.
Strain transmission and deformation localization to weak zones with
finite orogen-parallel extent, situated in the foreland of mountain belts,
leads to the formation of large-scale, transcurrent contractional step-
overs, where structures of the different rheological domains connect or
overlap. This might be an important observation when analysing short
distance changes in thrust belt geometries, particularly when weak
zones are not obvious or buried at large depths beneath post-rift sedi-
ments. In this case, discriminatory evidences are provided by the out-of-
sequence character of deformation in the transfer zone, the swinging
geometries in migrating thrusting between domains along their strike
and their transcurrent character.

At mantle lithospheric level, our results show that the presence of
weak zones in the crust will be reflected in the symmetry and amplitude
of lithospheric folding. In weak lithospheric domains (the brittle-ductile
domain in our models), symmetric folding will be observed bellow the
weak zone, its amplitude being constrained by the amount of localized
crustal shortening. In contrast, the dispersion of crustal deformation
across multiple weak zones will result in a flatter lithospheric base, with
low amplitude folding if any. In strong lithospheric domains, the lo-
calized crustal deformation will be accommodated at mantle litho-
spheric levels by asymmetric folding with the same vergence compare
to major thrusts in the crust.
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